Gonococci adapted to growth in chambers implanted subcutaneously into guinea pigs are resistant to killing by human serum. This resistance is lost after a few generations in vitro both in culture medium and in fluid taken from guinea-pig chambers. The rate of loss is too rapid to occur by mutation and selection. Furthermore, the resistance is regained after a few generations when bacteria from the first in vitro culture are inoculated back into guineapig chambers in vivo. Hence the loss of serum resistance in vitro and the gain in vivo are probably due to phenotypically controlled events. Such events could be important in the pathogenicity of Neisseria gonorrhoeae.
INTRODUCTION
Resistance of Neisseria gonorrhoeae to killing by human serum may be important in the pathogenesis of gonorrhoea especially in the disseminated disease and possibly even in the initial mucosal invasion. Ward, Watt & Glynn (1970) showed that many gonococcal strains were resistant to killing by normal human serum when examined directly from urethral pus, but that this resistance was rapidly lost on culture in vitro. They emphasized that the loss of resistance was not accompanied by a change in colony type and suggested it was phenotypic (Watt, Glynn & Ward, 1972) . McCutchan, Levine & Braude (1976) investigated the killing of gonococci grown in vitro by human serum and distinguished between a low-grade resistance of cells of some colony types which they designated 'stable' and a more complete resistance called 'acquired'. The latter was induced by serial passage in serum in vitro and was rapidly lost when cultured on agar. The gain or loss did not involve a change in colony type and the investigators did not consider whether the changes were genotypic or phenotypic.
When gonococcal strains were serially passaged through encapsulated plastic chambers implanted subcutaneously in guinea pigs they became more infective for such chambers (Veale et al., 1975; Penn et al., 1976; Penn, Veale & Smith, 1977b ) and shared properties which are believed to be important as determinants of virulence. They were resistant to killing by normal human serum; this property was lost in the first culture generation iB vitro (Penn et al., 1976, 19773) .
In contrast, resistance to phagocytosis was associated with increase in pilation and could be selected for in vitro by working with characteristic double highlight (DH) colonies (Penn et al., 1g77b) , probably corresponding with Kellogg's types I or 2 (Kellogg et al., 1963, I 
968).
Therefore, in common with other pathogenic bacteria, genetic alterations and selection are significant mechanisms in determining virulence or attenuation of N. gonorrhoeae. In addition, the rapid loss in resistance to killing by human serum during growth in yitro suggested that phenotypic variation was also significant in determining virulence, and experiments testing this possibility are reported here.
METHODS
Strains of N. gonorrhoeae. Most experiments were done with a laboratory strain of N. gonorrhoeae (BS) that had been serially passaged three (ss3) or five (ss5) times through guinea-pig chambers; ss3 (agar) was strain ss3 cultured once on agar (Penn et al., 1976) . The techniques for implanting and inoculating the chambers have been described elsewhere (Veale et al., 1975) . The chamber fluid removed 24 h after inoculation contained about I x 1oS to 5 x 1o6 gonococci ml-l. These chamber fluid cultures were used immediately after removal from the animal or diluted 10-to 20-fold in cryo-protective medium (Penn et al., 1976) and stored in liquid nitrogen until needed. Except in one particular (see below), storage did not influence the results. A second strain, AS^ (Penn et al., 1977b) , also passaged three times through guinea-pig chambers, was used in a few tests. For some single experiments, gonococci were taken directly from three samples of urethral pus obtained with the co-operation of Dr W. done with a single pool of freshly collected human serum (from eight persons) that had been frozen at -70 "C until required. Samples of broth cultures or of infected chamber fluid were diluted I in 10 in the thawed human serum that had been pre-diluted I in 4 in phosphate-buffered saline (Penn et al., 1976) . The gonococci were incubated in the diluted serum at 37 "C for 30 min and samples, undiluted or diluted in AG broth, were spread on haemoglobin agar to determine viable counts. Exploratory experiments had shown that the I in 4 dilution of human serum was the optimum for detection of changes in gonococcal resistance to killing. The percentage of bacteria killed was calculated from viable counts on experimental and control samples. Controls for viable count in the absence of serum killing usually consisted of samples of the same culture or chamber fluid plated without incubation. However, when AG broth cultures were initiated from bacteria which had been stored in liquid nitrogen, the zero-time control samples were incubated in AG broth at 37 "C for 30 min (i.e. in parallel with the samples subjected to serum killing) before plating for viable count. If this were not done, the viable counts on zero-time control samples were 10 to IOO times lower than the viable counts after I or 2 h incubation. This effect was apparently due to cold injury resulting in death of the injured bacteria if they were spread on plates immediately after thawing, and was reversed by incubation in broth at 37 "C for 30 min. In preliminary experiments, a second control consisting of gonococci incubated in heated (56 "C, 30 min) human serum in parallel with the test samples was also used; colony counts were similar to those in the control described above. Stability of complement in the stored human serum was verified by periodic testing of a stock culture (stored frozen) of a susceptible gonococcal strain, using serial dilutions of the human serum. The dilution of human serum which caused 50 % death of the test strain was unchanged after storage for the duration of this work.
Analysis of chamber fluid. Chamber fluid was collected as described previously (Veale et al., 1975 ) and filtered through Millipore membranes (0.22 pm pore size). We are indebted to Professor T. P. Whitehead and his staff for the analysis of chamber fluid using an Auto-analyser (Technicon) by methods used for serum analysis as described by Killington et al. (1971) .
RESULTS

Rate of loss of serum resistance by chamber-grown gonococci during incubation in AG broth
Chamber-grown gonococci (BS3 or B S~) were incubated at 37 "C in AG broth and samples were removed for tests of resistance to serum killing over the first 6 to 8 h of growth encompassing four to six doublings, and at 24 h. Initial populations ranged from 103 to 104 ml-1 and at 24 h they were between IO* and 1o9 ml-l. There was no change in the predominant colony type; > 98 % of the initial and 24 h cell populations gave rise to DH colonies.
In four experiments the percentage of gonococci killed by serum was directly proportional to the amount of growth (Fig. I) . (The scatter of data relates, at least in part, to the difficulties of making accurate viable counts on a highly clumped cell population.) Substantial loss of serum resistance occurred in one to two generations (Fig. I) . Results similar to those shown were also obtained for strain AS^. However, cultures initiated from three samples of human pus showed little or no change in resistance after five to six doublings in AG broth or after two culture generations on solid medium.
Rate of loss of serum resistance by chamber-grown gonococci during incubation in chamber fluid in vitro
Sterile chamber fluid (about 4 ml) was removed from one of two chambers within the same guinea pig and centrifuged (1000 g; 10 min) to remove blood cells. Both the withdrawn fluid and the second chamber were inoculated with 0.2 ml of a 24 h chamber culture of strain BS5, and the in vitro chamber fluid culture was incubated at 37 "C. Plate counts and serum killing tests were done on the inoculum, on samples removed from the in vitro culture at 2,4,6 and 24 h in experiment I, and 12, 16 and 20 h in experiment 2, as well as on a 24 h sample from the in vivo chamber. Bacteria from the 24 h in vivo culture were resistant, showing less than 5 yo decline in viable counts in the serum killing test. In contrast, there was about a Iooo-fold decrease in bacterial numbers in samples taken from in vitro culture at 20 to 24 h ( Table I) . The loss in resistance of this culture occurred between the 5th and 8th doublings in experiment I and mainly between the 10th and 15th doublings in experiment 2 (Table I) , in contrast to the almost immediate loss observed in AG broth (Fig. I) . Similar results were obtained from two additional in vitro chamber fluid cultures.
Rate of gain of serum resistance by in vitro-grown gonococci during growth in chambers in vivo Strain BS3 (agar) was inoculated (0.2 ml of suspension containing 2 x 104 organisms ml-l) into guinea-pig chambers (volume about 4 ml) and at intervals up to 24 h, samples (0.1 ml) of fluid were withdrawn for viable counts before and after incubation (37 "C, 30 min) with human serum (Table 2) . Clearly there was some gain in serum resistance by 4.5 h when about samples were incubated in normal human serum (pre-diluted I in 4) for 30 min at 37 "C.
for experiment I and 1-25 x 104 ml-l [2.5 x (0-2/4) x 106] for experiment 2. * The untreated samples were plated directly from the chamber fluid; the treated samples were incubated ? The precise number of doublings is unknown since phagocytosis and destruction of gonococci occur 3 Calculated from viable count of the inoculum.
in human serum (pre-diluted I in 4) for 30 min at 37 "C.
in vivo.
five doublings had taken place. A fully resistant population was present after 24 h. Samples were also taken for counts of leucocytes and, as seen previously (Veale et al., 1g77) , the concentration of these cells increased considerably in 3 to 5 h.
Analysis of chamber fluid before and after infection with gonococci
The most striking differences between the analyses (Table 3) of the serum and chamber fluid of normal guinea pigs were the markedly lower levels of glucose, albumin and globulin in the chamber fluid, each being approximately half the concentration in serum. Complement in the chamber fluid was about one-tenth of that in serum (Penn et al., 1 9 7 7~) . Four major changes were evident in chamber fluid 24 h after infection: glucose had decreased to a very low concentration; alkaline phosphatase activity had increased several-fold ; and aspartate; aminotransferase activity and uric acid concentration had also increased. These Table 3 
. Analyses of serum and chamber fluid from normal guinea pigs and those having a chamber infection
Analyses for Na+, K+, Ca2+, urea, creatinine, bilirubin and cholesterol showed no significant changes in the serum or chamber fluid of infected animals. Globulin (g 1-l * Numbers in parentheses are the numbers of animals examined.
Component
(units 1-l) changes were maintained (for glucose) or increased (for uric acid concentration, alkaline phosphatase and aspartate aminotransferase activities) 10 days after infection.
D I S C U S S I O N
Gonococci which have been passaged through chambers incubated in guinea pigs must be completely resistant to human serum and yet this resistance is quickly lost when the organisms are recovered and incubated in vitro (Fig. I) . Essentially, all cells must have changed during the first few doublings in vitro since the total amount of multiplication was inadequate to account for the results by mutational events and selection. The only other alternative explanation is that some component(s) of the chamber fluid associated with the gonococcal cell surface (e.g. by adsorption) might have been responsible for the resistance and that this compound was dislodged or diluted out during growth in vitro in an artificial medium. However, this possibility was perhaps excluded because loss of resistance to killing during growth was still observed when gonococci were incubated in chamber fluid in vitro (Table I) , although a component of this fluid, of guinea-pig origin, might not be available in sufficient quantity to modify all the gonococci to a resistant state as numbers of organisms increased during culture. This again seems unlikely since treatment of susceptible (agar-grown) organisms with fluid from either uninfected or infected guinea-pig chambers did not render them resistant to serum.
Phenotypic alteration of the serum resistance characteristic is also indicated by the kinetics of acquisition of resistance when first-generation in vitro cultures are inoculated back into the in vivo chamber ( Table 2 ). It is unlikely that phagocytic killing in the chambers would have a significant effect on the number of bacterial doublings in the chambers for two reasons: first, during the period (0 to 4-5 h) when most of the reversion to serum resistance occurs, few phagocytes will have entered the chamber (Veale et al., 1977) ; and second, the doubling times in the chambers (about 0.75 to 1.0 h during this period) are similar to those observed in cell-free fluid in vitro. It should be emphasized that the result shown in Table 2 would not necessarily hold for an old non-selected laboratory strain.
What attributes of the chamber fluid environment led to resistance to killing by human serum? Possibly the nutritional composition of the fluid in infected chambers plays a role, because when resistant gonococci were grown in the fluid in vitro they retained their resistance for a few generations (Table I) whilst perhaps exhausting an important nutrient. On the other hand, the dramatic fall in glucose that occurs after infection, probably because of glucose usage by the cells involved in the massive inflammatory response that is concomitant with infection (Veale et al., 1975 (Veale et al., ,1977 ; and present observations), may be significant in producing resistance. Certainly the gonococcal population in the chamber is limited ; it rises to between I x 106 and 5 x 106 ml-l in 24 h and remains at this level for many days (Veale et al., I 975). The lack of glucose and possibly lack of oxygen may be responsible for the limited population, and it is well known that changes in surface structures, sometimes with biological implications, occur in conditions of limited growth (Ellwood & Tempest, 1972; Finch & Brown, I 976) . The rise in chamber alkaline phosphatase and possibly the increases in uric acid concentration and aspartate aminotransferase may be due to their release from phagocytes during phagocytosis or following cell death. The contents of the destroyed cells may influence growth and serum resistance. It would be of interest to learn what factors are growth limiting in the chamber and whether the persistent population of gonococci is a steady-state or static population.
The retention of resistance to human serum after culture in vitro by the gonococci in three samples of urethral pus recalls similar observations on some urethral pus strains by Ward et al. (I 970), on strains from disseminated gonorrhoea (Schoolnik, Buchanan & Holmes, 1976) , and on the cs3 strain described by Penn et al. (1977b) . One explanation for these results is that the pool of human serum did not possess the 'natural antibody' for the strains. Killing by serum appears to depend on complement (Glynn & Ward, 1970; Ward et al., 1970; McCutchan et al., 1976) and specific antibody might be necessary for activation of the complement although the alternate pathway may be involved without the requirement for antibody. Obviously, if antibody is involved and is absent from the human serum used, then any phenotypic loss on subculture from the organisms under consideration of a surface component which interferes with serum lysis, would not be detected.
The evidence reported here together with the results of others (see Introduction) suggests that phenotypic effects are significant in the pathogenesis of gonorrhoea. Although in vitro colony type may indicate the potentially virulent and the attenuated strains, additional criteria must be considered in understanding the relationship between experiments in vitro and the disease process in vivo.
